Withdrawal of growth factor interleukin 3 from IL3-dependent myeloid cells causes 27 them to undergo Bax/Bak1-dependent apoptosis, whereas factor-deprived Bax -/-Bak1
them to undergo Bax/Bak1-dependent apoptosis, whereas factor-deprived Bax -/-Bak1 
Bak1
-/-cells deprived of 40 glutamine survived, they arrested even when IL3 was present. Thus, glutamine, but 41 neither Atg5-dependent autophagy nor glucose uptake, is necessary for cell division, 42 and none are needed for arrested Bax -/-
-/-myeloid cells to survive for several 43
weeks. 44
Introduction 51
Mammalian cells import a variety of extracellular nutrients to support their survival 52 and growth. In vitro, cells are typically propagated in medium supplemented with 53 glucose, glutamine and fetal bovine serum. To generate chemical energy, glucose can 54 be metabolized by oxidative phosphorylation in the mitochondria or by anaerobic 55 glycolysis. Glutamine can be used as an energy source through glutaminolysis, and 56 can also be used, together with a multitude of factors present in serum, to allow the 57 synthesis of essential macromolecules. 58
59
Factor dependent myeloid (FDM) progenitor cell lines (1, 2) require the 60 hematopoietic growth factor interleukin 3 (IL3) to survive and multiply in culture. 61
When IL3 is not provided, FDM cells undergo Bax/Bak1-dependent apoptosis. FDM 62 cells derived from Bax -/-Bak1 -/-mice survive in the absence of IL3, but they undergo 63 cell cycle arrest, similar to those over-expressing 4) . Previously it was 64 reported that to survive longer than 4 days, IL3-deprived Bax -/-Bak1 -/-cells required 65
Atg5-dependent autophagy (4), an intracellular catabolic process that can support the 66 survival of starved or arrested cells (5). 67 68 Cells import glucose when it is available and growth factors can stimulate the amount 69 of glucose that is consumed. Bax
Bak1
-/-FDM cells arrested by IL3 withdrawal 70 decrease expression of the glucose transporter Glut1, which was proposed to reduce 71 glucose uptake and metabolism (4). Several mechanisms have been put forward to 72 explain the regulation of expression and plasma membrane translocation of Glut1. 73
Activation of autophagy was shown to be required for the efficient surface expression 74 of Glut1 in mouse embryonic fibroblasts cultured under hypoxic conditions (6). In 75 4 human hepatocytes subjected to glucose starvation, a mechanism involving 76 proteasomal degradation of the thioredoxin-interacting protein Txnip was required for 77 Glut1 stabilization (7). Moreover, it was shown that Txnip directly binds to Glut1 and 78 promotes its internalization, thus reducing Glut1 on the plasma membrane and the 79 ability of cells to take up glucose (7 Atg5 to form LC3B-II, which can incorporate into the growing autophagosome, and is 104 a common marker of autophagy (9). Lysates of Bax -/-Bak1 -/-FDM cells, whether they 105 were cultured in the presence or absence of IL3, contained similar amounts LC3B-II, 106
suggesting that autophagy is occurring in both cycling and arrested cells ( Fig. 2A ; 107 lanes 1, 3 and 4). Notably, the degradation of both LC3B isoforms I and II in Bax 
-/-∆Atg5 triple knockout FDM cell clones. Western 115 blotting confirmed in three Bax -/-Bak1 -/-∆Atg5 clones the absence of the LC3B-II 116 isoform, whether they were cultured with or without IL3, or with HBSS ( Fig. 2A) . 117
Moreover, levels of LC3B-I in Bax 
-/-∆Atg5 lines. After 14 days in culture 120 without IL3, all Bax -/-Bak1 -/-∆Atg5 clones remained ~80% viable (Fig. 2B ). Similar to 121 
-/-FDM cells, we asked 167 whether glucose utilization was reduced. The rate of glucose metabolism in Bax -/-168
-/-FDMs was reduced after IL3 withdrawal, but they nevertheless still responded 169 to the addition of glucose, as indicated by the increased extracellular acidification rate 170 (ECAR, Fig. 3C ). In the absence of IL3, Bax -/-Bak1 -/-FDM lines that also lacked 171
Txnip or Atg5 had similar rates of glucose metabolism to the parental Bax/Bak1-null 172 cells (Figs. 3C and Supplemental S1D). These results suggest that arrested FDM cells 173 retain the capacity to import and metabolise glucose, albeit at a reduced level. 174 8 175
Because the arrested IL3-starved cells were able to take up glucose, we hypothesised 176 that this was sufficient to support their sustained survival despite the decrease in 177
Glut1. To test their requirement for glucose, the cells were cultured in medium that 178
∆Txnip cells remained viable at 24 days without glucose (Fig. 3D) . Furthermore, 180
when IL3 was present, these cells were able to proliferate (Supplemental Fig. S1E ). 181
These results indicate that FDM cells will import glucose whether IL3 is present or 182 not, and that they can still proliferate even in the absence of added glucose. 183
cells require glutamine to proliferate but can survive in its 185
absence for weeks. 186
When glucose is limiting, lymphoid cells metabolise glutamine to survive and 187 proliferate (10). We therefore asked whether FDM cells exhibited similar 188 requirements for glutamine when cultured in the absence of glucose. In medium that 189 lacked both glucose and glutamine, with or without IL3, >95% of wild-type 190 presence of IL3, whereas adding back glucose had no effect (Fig. 4C) To elucidate how growth factor and nutrient deprivation impacted FDM cell survival 226 and proliferation, we performed Western blotting to determine protein levels of 227 apoptotic and cell cycle regulators. We found that levels of the pro-survival protein 228
Mcl-1 were markedly reduced in Bax -/-Bak1 -/-and Bax -/-Bak1 -/-∆Atg5 cells after 3 days 229 in culture without glucose and glutamine (Fig. 6A) 
Bak1
-/-and Bax
-/-∆Atg5 cells (Fig. 6A ). Cdk4 and cyclin D3 238 are key drivers of cell cycle progression in haematopoietic cell lines (12, 13), and 239 these proteins were also markedly reduced in the IL3-starved, Bax/Bak1-deficient 240 myeloid cells, suggesting a mechanism for their arrest (Figs. 1C and 2D ). Withdrawal 241 of glutamine from these cells also caused cell cycle arrest, even in the presence of IL3 242 (Figs. 4A and Supplemental S2B) . Under these conditions, IL3 was able to stimulate 243 the expression of c-Myc and Cdk4, but the levels of these proteins were significantly 244 lower than in the cells cultured with both glutamine and IL3 (Fig. 6A) However, we also used shRNA to reduce Atg5 levels and found that Atg5-dependent 268 autophagy was not required for the survival Bax (Fig. 2) . 275
276
We were able to confirm the observation that culture of FDM cells without IL3 277 reduced the levels of the glucose transporter Glut1 (4), and wondered if the 278 mechanism for reduction of Glut1 would be similar to that described by Wu et al. who 279 found that thioredoxin interacting protein (Txnip) could reduce the levels of Glut1 in 280 human hepatocytes (7). Although we found that Txnip increased in FDM cells when 281 IL3 was removed, levels of Glut1 decreased by the same amount when IL3 was 282 removed from Txnip-null cells, and over-expression of exogenous Txnip did not 283 reduce the levels of Glut1 (Fig. 3) . Although we confirmed the reported inverse 284 correlation between levels of Txnip and Glut1, Txnip is neither required nor sufficient 285 for IL3 to regulate levels of Glut1 in FDMs. It remains possible that the Txnip-286 mediated downregulation of Glut1 is a process specific to human hepatocytes (7). 287
288
Canonical autophagy was shown to be required for the efficient surface expression of 289 Glut1 (6). Our Atg5-deficient Bax -/-Bak1 -/-FDM cells had similar levels of Glut1 to 290 parental Bax
Bak1
-/-cells, and they decreased Glut1 to a similar extent when cultured 291 without IL3. Furthermore, the Bax -/-Bak1 -/-∆Atg5 cells showed similar levels of 292 glucose uptake to Bax
-/-cells when cultured with IL3 and without. Therefore, in 293 FDM cells, Atg5-dependent autophagy is not needed to maintain normal levels of 294 Glut1, and does not affect the ability of cells to take up and metabolize glucose. Consistent with the requirement of glutamine for lymphoid cell survival (10), we 307 found that wild-type factor dependent myeloid cells died following glutamine 308 deprivation (Fig. 4) . It was surprising that glutamine was not required to sustain the 309 survival of Bax/Bak1-null FDM cells in the absence of glucose or Atg5-dependent 310 autophagy, and that these glutamine-deprived cells maintained a large size in the 311 presence of IL3, but arrested. This suggests that glutamine provided the source of 312 amino acids needed for cell division, but that these cells can maintain enough 313 metabolic activity to survive even in its absence. Hecht et al. (17) reported that the 314 acute shrinkage of B an T lymphocytes following growth factor withdrawal occurred 315 before the induction of autophagy. Consistent with Hecht et al., the shrinkage of FDM 316 cells following growth factor or glutamine withdrawal also occurred independently of 317 Atg5-mediated autophagy (Fig. 5) . 318
319
In the absence of glutamine, pathways activated by IL3 could still converge to induce 320 the expression of c-Myc in Bax/Bak1-null FDM cells, and although this was response 321 was blunted, the arrested cells maintained a relatively large size for at least 1 week 322 (Fig. 5) . We found that the transcription factor Atf4 was strongly induced by IL3 in 323 glutamine-starved cells, but at present, it is unclear how or why signaling from the 324 IL3 receptor leads to increased Atf4 production. Given that IL3 can stimulate the 325 expression of ER chaperones in FDM cells (18) and that Atf4 translation increased in 326 cells starved of amino acids or exposed to stimuli that induced ER stress (14), it is 327 plausible that IL3 activated the unfolded protein response in the glutamine-deprived 328
FDMs. Atf4 was also shown to activate the expression of several autophagy genes to 329 promote cell survival (19), but we have not been able to confirm that its accumulation 330 induced LC3B lipidation in the glutamine-starved FDM cells. That IL3 also induced 331
Atf4 expression in Atg5-deficient Bax -/-Bak1 -/-cells cultured in glutamine-free media 332 ( presence of IL3 that stimulated them to maintain a large size (Fig. 7) . IL3 for 7 days in glucose-and glutamine-free medium. They were then split in three, 644 and resuspended in medium without glucose or glutamine, or containing only glucose 645 Cdk4, cyclin D3 and possibly others). In the absence of growth factor, glucose, 678 glutamine and Atg5-dependent autophagy, we hypothesise that Bax -/-Bak1 -/-myeloid 679 cells survive by consuming nutrients in fetal bovine serum. 680
